Relative to homozygous diploids, the presence of multiple homologs or homeologs in polyploids affords greater tolerance to mutations that can impact genome evolution. In this study, we describe sequence and structural variation in the genomes of six accessions of cultivated potato (Solanum tuberosum L.), a vegetatively propagated autotetraploid and their impact on the transcriptome. Sequence diversity was high with a mean single nucleotide polymorphisms (SNP) rate of approximately 1 per 50 bases suggestive of high levels of allelic diversity. Additive gene expression was observed in leaves (3605 genes) and tubers (6156 genes) that contrasted the preferential allele expression of between 2180 and 3502 and 3367 and 5270 genes in the leaf and tuber transcriptome, respectively. Preferential allele expression was significantly associated with evolutionarily conserved genes suggesting selection of specific alleles of genes responsible for biological processes common to angiosperms during the breeding selection process. Copy number variation was rampant with between 16 098 and 18 921 genes in each cultivar exhibiting duplication or deletion. Copy number variable genes tended to be evolutionarily recent, lowly expressed, and enriched in genes that show increased expression in response to biotic and abiotic stress treatments suggestive of a role in adaptation. Gene copy number impacts on gene expression were detected with 528 genes having correlations between copy number and gene expression. Collectively, these data suggest that in addition to allelic variation of coding sequence, the heterogenous nature of the tetraploid potato genome contributes to a highly dynamic transcriptome impacted by allele preferential and copy number-dependent expression effects.
INTRODUCTION
Whole-genome duplications have been inferred in the evolutionary history of plants and animals. In angiosperms, it is estimated that 60-70% of species have experienced ancestral polyploidy through allopolyploidy, autopolyploidy, or a combination of both mechanisms ( Van de Peer et al., 2009) . It is hypothesized that polyploidization events confer evolutionary advantages through improved adaptability to changing environments, as the additional genetic material generated by polyploidization provides greater tolerance of mutations. This change can lead to increased rates of evolution, with paralogs undergoing neofunctionalization and subfunctionalization. Additionally, heterotic effects may result from the heterozygosity introduced during polyploidization and subsequent sequence variation that occurs over evolutionary time. These genetic and phenotypic changes contribute to a rapid potential for adaptation and speciation. Indeed, an estimated 15% of angiosperm speciation events are accompanied by increases in ploidy level (Wood et al., 2009) . Although polyploidy has been associated with improved survival and speciation, it is not clear if it is responsible for increased species diversification.
Cultivated potato, Solanum tuberosum L., is an autopolyploid, meaning that polyploidy may have arisen from a relatively recent whole-genome duplication event or hybridization of two individuals of the same species. As a consequence of autopolyploidy, homologous chromosomes can be observed forming multivalent groups during meiosis I (Swaminathan, 1954) . Understanding the mechanism by which intra-genome variation contributes to transcriptomic variation in potato would improve our understanding of how genomic diversity contributes to phenotypic diversity. To date, there are several genome datasets available for potato, including a high-quality assembly of a doubled monoploid clone of S. tuberosum Group Phureja, DM1-3 516R44 (DM 1-3) (Potato Genome Sequencing Consortium 2011) and a gene expression atlas of DM 1-3 that includes 32 developmental and stress conditions (Massa et al., 2011 (Massa et al., , 2013 . Whole-genome shotgun sequencing and targeted bacterial artificial chromosome (BAC) sequencing of S. tuberosum Group Tuberosum RH89-039-16 (RH), a heterozygous diploid breeding line, revealed that the two haplotypes within RH are more distant from one another than each was relative to the DM 1-3 reference genome (Potato Genome Sequencing Consortium 2011) and that large regions of chromosome 5 show loss of collinearity between homologous chromosomes, highlighting the high genome heterogeneity within one set of homologous chromosomes (de Boer et al., 2015) . A study that examined the genome heterogeneity in a panel of 12 monoploid/doubled monoploid clones derived from diploid S. tuberosum accessions (Hardigan et al., 2016a) revealed that the diploid potato genome is highly heterogeneous with rampant copy number variation that affected 30% of the annotated gene complement in this relatively small diversity panel.
In cultivated tetraploid potato, both a high degree of heterozygosity and copy number variation have been reported (Hirsch et al., 2013; Iovene et al., 2013) . Using an 8303 Infinium SNP array, 56% of assayed sites were heterozygous in a panel of~250 cultivated tetraploids (Hirsch et al., 2013) . With respect to copy number variation in tetraploid potato, CNVs spanning more than 100 kilobases have been observed that result in copy number effects in gene expression that scale linearly with copy number for a small subset of genes analysed in CNV regions via quantitative PCR (Iovene et al., 2013) . This variation has the potential to contribute to between-cultivar phenotypic variation as evidenced in multiple Glycine polyploid species which demonstrate that gene copy number is particularly important in genes that produce subunits in complexes (Coate et al., 2016) .
Potato is known for high genetic load and severe inbreeding depression when selfed. Thus, in contrast with sexually reproducing polyploid species such as allo-hexaploid wheat, there are few opportunities to purge deleterious duplications and deletions in cultivated potato as it is clonally propagated and selection of elite cultivars occurs at the F1 level with no backcrossing or selfing due to the desire to maintain maximal heterozygosity (Chase, 1963) . Thus, deleterious CNVs may be maintained in potato if they complement deletions elsewhere in the genome or if the effect of retaining deleterious CNVs is not agronomically relevant. Autopolyploidy may also provide a buffering effect for deleterious mutations in the form of SNPs and insertion-deletion events (indels); as a consequence, deleterious mutations accumulate and contribute to genetic load.
Copy number variation can affect gene expression (Cook et al., 2012; Iovene et al., 2013) and potentially alter phenotype, especially that of adaptive traits. For example, CNV has been shown to confer resistance to nematodes in soybean (Cook et al., 2012) , tolerance to aluminium in maize (Maron et al., 2013) , and submergence tolerance in rice (Xu et al., 2006; Hattori et al., 2009) . Additionally, high heterozygosity in the form of SNPs and indels can result in differential expression of alleles. Preferential allele expression (PAE) has been detected in F1 hybrids of Arabidopsis thaliana, Cirsium arvense (creeping thistle), Hordeum vulgare (barley), Oryza sativa (rice) and Zea mays (maize) (Springer and Stupar, 2007; von Korff et al., 2009; Zhang and Borevitz, 2009; Bell et al., 2013; Song et al., 2013) . In maize, cis-regulatory variation is responsible for~70% of PAE in reciprocal hybrids in which~50% of the genes assayed exhibited biased allelic expression (Springer and Stupar, 2007) . The extent of PAE and mode of action was observed in different F1 hybrids regardless of heterotic group with cis-acting gene regulation being the dominant mechanism of PAE in all cases. This data suggests that variation linked to PAE sites, such as local chromatin structure or promoter sequence variation, is the primary driver of imbalanced allelic expression in maize. Additionally, Guo et al. (2004) have demonstrated that there is an environment-specific effect on PAE. Preferential allele expression has been recently shown in many animal systems including mouse and human in context of epigenetic regulation (Buckland, 2004; Gregg et al., 2010; Buckberry et al., 2012; Crowley et al., 2015) . In mice, PAE may be regulated via the proximity of a gene to DNase I hypersensitive sites (Hasin-Brumshtein et al., 2014) .
In this study, we focus on genomic and transcriptomic variation within six commercial, elite tetraploid cultivars of S. tuberosum. Using a combination of whole-genome DNA and RNA sequencing (RNA-seq), the genomic diversity of four round white chip-processing potatoes (Atlantic, Kalkaska, Missaukee, and Snowden), a round white fresh market potato (Superior), and a fresh market russet potato (Russet Norkotah) was characterized relative to the reference potato genome (Potato Genome Sequencing Consortium et al., 2011) . Variation in the form of SNPs, indels, and CNV was determined on a genome-wide scale in each cultivar that revealed preferential allele expression and the effects of copy number on transcript abundance. Functional enrichment, membership in orthologous groups across the angiosperms, and developmental and stress expression patterns were used to infer the function of genes with preferential allele expression or copy number variation. This genome-scale assessment of genome heterogeneity in tetraploid potato revealed a high genetic load and potential mechanisms for phenotypic variation through intra-genome variation in gene expression due to copy numberdependent and preferential allele expression.
RESULTS AND DISCUSSION

Polymorphism in autotetraploid potato
Genomic DNA from six potato cultivars was sequenced in the 100 nucleotide paired-end mode on the Illumina HiSeq 2000 and aligned to the DM1-3 reference potato genome version 4.04 (Hardigan et al., 2016a) , yielding coverage depths ranging from 479 to 629. Approximately 390 million sites in the potato genome passed the quality filtering criteria for variant detection in each cultivar ( Figure 1a) ; less confident regions of the genome were excluded due to high heterozygosity or the inability to align reads uniquely due to repetitive sequence. Of the callable sites, approximately 8.4 million SNPs and 320 000 to 424 000 indels were identified in each cultivar (Figure 1b ). To confirm the accuracy of our whole-genome resequencing read alignment-based genotype calls, we examined the concordance of allele and dosage calls (see below) with genotypes obtained using the 8303 Potato Infinium SNP Array (Hirsch et al., 2013) . In total, between 1600 and 1900 sites overlapped between the two datasets; of these, between 94.3% and 96.3% of the sites were concordant in not only allele calls but also at the dosage level (Table S1 ) demonstrating that our computational pipeline used to identify allelic diversity using read-alignments and variant calling in tetraploid potato is robust.
SNPs were annotated with respect to allelic variants (Figure S1 ). The most abundant SNPs discovered were Type B SNPs, which are bi-allelic sites with at least one reference allele and at least one alternate allele; between 5.5 and 6 million SNPs identified were classified as Type B SNPs in each cultivar. Type A SNPs, which are homozygous for a non-reference allele were the next most abundant class of SNPs, with 2.2 to 2.6 million identified per cultivar. Type C and D SNPs, which consist of three alleles per site, were far less abundant (205 324-289 670 loci), and type E SNPs, which consist of four alleles per site, were even less abundant (939-1972 loci) . Overall, biallelic loci represented 66-71% of all surveyed sites; in total, one SNP per 46 nucleotides in the~390 Mb of the genome assayed was observed. Dosage of biallelic SNP loci was examined using the alternate allele as the dominant marker yielding simplex (AAAB), duplex (AABB), and triplex (ABBB) with type A SNPs or all reference allele calls with no invariant sites characterized as nulliplex (AAAA or BBBB) sites ( Figure S2 ). The combined number of simplex and triplex sites was substantially higher in all six cultivars compared with the number of duplex sites, consistent with the nature of potato breeding in which F1 progeny are selected with no backcrossing or additional selection that can amplify copy numbers of specific alleles (Hirsch et al., 2013) .
Indels showed a similar distribution of genotypes to SNPs, although there were substantially less indels detected than SNPs (Figures 1b and S1 ). We annotated indels similar to the classification used for SNPs. Relative to the DM 1-3 reference sequence, nearly half of the indels were homozygous across all four alleles (type A). Mirroring the observations with SNPs, the majority of indels shared one allele with the DM 1-3 reference with the second allele being novel to the cultivar (type B). Consistent with observations with the SNPs, limited tri-and tetra-allelic indels were observed. location of insertions/deletions (indels) and single nucleotide polymorphisms (SNPs) in genic regions of the potato genome. SNPs and indels were identified from callable sites in v4.04 of the potato genome (Hardigan et al., 2016a) and binned based on annotated gene features using the Potato Genome Sequencing Consortium annotation (Potato Genome Sequencing Consortium et al., 2011) . Counts of SNPs and indels were obtained using SnpEff (Cingolani et al., 2012) .
Intergenic regions represented approximately 77% of the genomic space sampled and contained~43% of the SNPs and~40% of the indels discovered among the six cultivars sampled. In regions of the genome 5000 nucleotides upstream or downstream of genes,~45% of all SNPs and 51% of indels were observed (Table S2) . Using all polymorphic sites, the impact of SNPs and indels on coding sequence was predicted on a per-variant basis. Among SNPs in the genic space of all cultivars, 417 413 (52.3%) SNPs were predicted to cause missense mutations, 370 420 SNPs (46.46%) introduced putative silent mutations and 9504 SNPs (1.2%) introduced putative nonsense mutations when projected onto the reference potato genome annotation. For indels, 4929 (0.25% of indels called) in total were predicted to cause frame-shift mutations. The lack of SNP phasing information across the entire gene length generates uncertainty in the interpretation of inferred effects on gene function when multiple SNPs are present within the coding region. The collective allelic variation in tetraploid potato suggests that single base substitutions of a single allele (simplex, triplex SNP sites) which result in multiple alleles at each locus are the dominant type of intra-genome variation in cultivated potato. When coupled with biallelic duplex sites and indels, multi-allelism is prevalent in the genic regions of the potato genome and consistent with breeder's efforts to obtain maximal heterozygosity in which maximal heterosis can be achieved through by increasing intra-locus diversity (Chase, 1963) .
To visualize the genetic relatedness of the potato cultivars in this study, an unrooted neighbour-joining tree was constructed using biallelic SNPs derived from our SNP calls and genetic distance calculated with the formula derived from Gronau et al. (2011) . The result shows a starlike phylogeny with Atlantic and Snowden forming a closer relationship due to a shared parentage of the cultivar Lenape ( Figure S3 ). The remaining cultivars do not form any hierarchical structure despite their varied phenotypes and market classes, reflecting the general lack of population substructure shown previously by Hirsch et al. (2013) in analysis of a larger panel of North American cultivated potato.
Preferential allele expression is abundant in potato
In an autotetraploid species, the null expectation for gene expression of haplotypes is that the alleles contained within each haplotype will be expressed according to their dosage. This finding is in contrast with allopolyploids in which genome dominance occurs and one subgenome may be preferentially expressed over the other (Yang et al. 2016) . In this study, PAE was defined as the statistical deviation of alleles in transcript abundance from their genotype ratios as determined by DNA genotyping. Using replicated RNA-seq data from leaf and tuber tissues ( Figure S4 and Data S1), non-copy number variable genes (see below) containing biallelic sites with a minimum RNAseq read depth ≥50 were examined to determine the extent of PAE in cultivated potato. The mean number of SNPs evaluated per gene with these criteria varied from 6.9-8.4 SNPs per gene, with 4.1-6.7 SNPs per gene showing significant PAE using a two-sided binomial exact test with a false discovery rate (FDR) cutoff of 0.01 adjusted using Fisher's method. Using a cutoff of four significant SNPs per gene, between 2180 and 3502 genes showed PAE in leaves, and between 3367 and 5270 showed PAE in tubers ( Figure 2a and Data S2). Tubers consistently showed a higher proportion of genes with PAE compared to leaves in all cultivars, which is not surprising as tubers are the primary focus of selection by breeders.
The dosage of allele expression at significant sites tended to be skewed towards the reference allele in comparison to non-significant sites in both replicates (Figures 3 and S5) . This bias is not attributable to a mapping bias as allele ratios determined by aligning genomic DNA reads at these sites showed limited bias towards the reference allele ( Figure S6 ) suggestive of a biological basis rather than a technical reason for the bias in expression of the reference allele. The reference genome was derived from a doubled monoploid of an adapted diploid S. tuberosum Group Phureja clone (Lightbourn and Veilleux, 2007) . Due to severe inbreeding depression caused by high genetic load, creation of a monoploid or doubled monoploid is extremely difficult in not only tetraploid but also diploid potato. Thus, we postulate that the alleles present in DM, which have been 'selected' via the monoploid sieve, provide high fitness and therefore may be preferentially expressed compared to any alternative allele, especially alleles which may themselves cause functional changes in proteins. Additionally, recent analyses of a diversity panel revealed numerous introgressions from wild potato species in cultivated potato (Hardigan et al., 2016b) and when coupled to the common practice of breeders of incorporating traits such as disease resistance from wild potato species in cultivar development, the skewed PAE may be reflective of preferential expression of the reference allele in comparison to the alternate allele which may be derived from a wild species relative.
To provide a broad view of PAE at the molecular level, the function of genes with significant PAE in leaf and tuber was analysed separately using enrichment analysis of gene ontology (GO) processes with an FDR cutoff of 0.01 (Data S3). Interestingly, in leaf tissues there was enrichment of the molecular functions 'iron-sulfur cluster binding' and 'metal cluster binding' in Atlantic, Kalkaska and Missaukee. 'Ligase activity' was enriched in PAE in both Kalkaska and Snowden leaf, and enriched in Atlantic, Kalkaska, Missaukee, Russet Norkotah and Superior tuber. Preferential allele expression in tubers also was enriched in translation-related processes or components, such as 'translation factor activity', 'translation initiation factor activity', and 'structural constituent of ribosome' in Atlantic, Missaukee and Superior. 'Translation' was an enriched biological process in Superior leaf genes with PAE. Intriguingly, genes with PAE in tubers but not leaves showed enrichment in transport-related processes in all six cultivars suggesting that the expression of some alleles may contribute to improved agronomic performance as manifested through tuber production and tuber quality and as a consequence, were selected during the breeding process. The most shared GO terms were 'organonitrogen compound biosynthetic process', 'organonitrogen compound metabolic process', and 'small molecule metabolic process', all of which were significantly enriched in leaf and tuber PAE from all cultivars ( Figure S7 ).
Tuber-specific and leaf-specific sharing of genes among the cultivars exhibiting allelic imbalance were also analysed in the context of metabolic pathways (Figure 4a ). Leaf samples showed many shared genes exhibiting allelic imbalance in expression in photosystem II components (chlorophyll a/b binding proteins; polypeptide subunits) and other photosynthesis-related pathway components including photosystem I (polypeptide subunits), ATP synthase, and components of the Calvin-Benson cycle (RuBisCO small subunit and interacting proteins, glyceraldehyde-3-phosphate dehydrogenase B, fructosebisphosphate aldolase, fructose-1-6-bisphosphatase, phosphoribulokinase) (Figure 4b ). Thus, expression of certain alleles in photosynthetic pathways may be a key component in cultivated potato productivity and been targets of selection by breeders as a component of yield as carbon fixation in leaves is directly related to transport of sucrose to the tubers and conversion to starch.
Interestingly many genes in tuber samples showed PAE in pathways related to the tricarboxylic acid cycle, especially in pyruvate dehydrogenase and in components of the mitochondrial electron transport chain ( Figure 5 ). Seven genes encoding subunits of ATP synthase, in particular, exhibit PAE and were specifically found in tuber samples only. Allelic imbalance in such highly expressed genes suggests that high plant productivity in potato may be attributed to the retention of functional haplotypes that are expressed.
Our panel includes five round white chip-processing cultivars and we examined PAE in genes relevant to tuber agronomic traits as previous work with chip-processing potatoes had revealed selection by breeders over the last 50 years for specific alleles in genes involved in carbohydrate biosynthesis, metabolism, and transport (Hirsch et al., 2013) . Using a set of 21 carbohydrate pathway genes that includes genes encoding enzymes involved in starch and sucrose synthesis and degradation with prior evidence of selection (Hirsch et al., 2013) , we observed significantly more genes with PAE in tubers (P = 0.0001672; Welch's two-sample t-test). To evaluate if tubers were especially enriched in PAE in genes involved in starch biosynthesis, a list of starch synthesis-related genes (Van Harsselaar et al.,
Leaf Tuber
A t la n t ic K a lk a s k a M is s a u k e e R u s s e t N o r k o t a h S n o w d e n S u p e r io r A t la n t ic K a lk a s k a M is s a u k e e R u (a) Total genes showing evidence of preferential allele expression (PAE) using the two-sided binomial exact test with the null ratio defined according to the dosage of the reference allele. Biallelic sites with a minimum of 50 allele counts were considered and only genes with no copy number variation were included in the analysis. Genes with overlapping gene models were excluded from the analyses. A threshold of four significant SNPs per gene was used to determine if a gene showed PAE.
(b) Enrichment of PAE in genes belonging to lineage-specific groups (potato-specific singletons, Solanum-specific genes, core plant genes) based on orthologous and paralogous clustering of the predicted proteomes from seven angiosperm genomes. Potato-specific paralogs were too lowly expressed or had multi-mapping reads and were not used for evaluation of PAE. Only genes with at least 50 counts at evaluated SNP sites and at least four SNPs with PAE were included in the significant results.
2017) was examined within the set of leaf and tuber PAE genes. Starch pathway genes were slightly enriched in tubers relative to leaves, although the results were only significant in the Superior tuber without false discovery correction (P = 0.01088; odds ratio = 1.84; Fisher's exact test) ( Figure S8 ). This gene set, like the gene set from Hirsch et al. (2013) , includes genes involved in both synthesis and degradation of sucrose and starch. Together, the results suggest that optimal production of starch is affected by allelic variation in both tubers and leaves. Orthologous gene clusters were inferred from Amborella trichopoda, Arabidopsis thaliana, Manihot esculenta, Oryza sativa, Solanum lycopersicum, Solanum tuberosum, and Vitis viniferis to determine if there was an enrichment of PAE in genes conserved in all angiosperms relative to evolutionarily recent and lineage-specific genes as represented by Solanum-specific genes and potato-specific genes. Core angiosperm genes were significantly enriched in PAE in all samples (Table S3 and Figure 2b) , suggesting that the alleles of conserved angiosperm genes which encode core plant processes are differentially expressed in potato leaves and tubers. This is consistent with our metabolic pathway analyses which shows that enrichment of photosystem I reaction center components and genes related to photosynthesis including RuBisCO were among the most significant genes identified showing PAE in all leaf samples. As RuBisCO is abundantly expressed and a conserved gene among the angiosperms, PAE and translation of the optimal allele may be critical in efficient carbon fixation in potato. These results are consistent with observations in the natural allotetraploid Glycine dolichocarpa, in which photosynthetic genes and genes involved in transcription and translation show stronger biases in allelic expression in comparison to the genome-wide average (Coate et al., 2014) .
Copy number variants affect transcript abundance and are enriched in genes responding to biotic and abiotic stress A previous analysis of copy number variants (CNV) in tetraploid potato using fluorescence in situ hybridization revealed that 10-15% of BAC clones showed CNV in a panel of 16 tetraploid potato clones (Iovene et al., 2013) while in a panel of 12 monoploid/doubled monoploid clones derived from diploid S. tuberosum Group Phureja (Hardigan et al., 2016a) , 22.9% of genes had at least half of their annotated gene length overlap with CNV regions. With access to the entire potato genome for six tetraploid cultivars, we estimated CNV relative to the DM 1-3 reference genome using read depth variation over genic space ( Figure 6a and Table 1 ). Genes on chromosomes 1 through 12 and unanchored scaffolds in 'chromosome 00' were included in this analysis (Data S4). Using a threshold of >1.259 or <0.759 median genome depth to infer duplications and deletions, respectively, between 20.1% and 22.2% of genes were estimated to have copy number deletions in each cultivar, and between 5.8% and 8.2% of genes were estimated to contain duplications ( Figure 6b and Table S4 ). The number of shared duplications and shared deletions was estimated in all cultivars and, in total, 4351 genes shared deletions among all six cultivars in the study (Data S5), and 848 genes shared duplications (Data S6), representing 13% of all annotated genes within this small panel.
Using a more conservative estimation of >1.59 or <0.5, a substantial number of deletions and duplications were still detected (Table S4) . These numbers represent a very large portion of the gene space in comparison to humans, for which copy number variation is estimated to impact 4.8-9.5% of the genome (Zarrei et al., 2015) . CNV has been investigated in other major plant species including A. thaliana (Cao et al., 2011) , Cucumis sativus , O. sativa (Xu et al., 2012) , and Z. mays (Chia et al., 2012) . This high extent of structural variation is nearly double that reported previously for tetraploids of potato using FISH (Iovene et al., 2013) which may be attributable to the limited number of FISH probes examined. The discovery of nearly twice the extent of CNV in tetraploid potato vs. monoploids derived from diploid S. tuberosum Group Phureja clones suggests that tetraploid potato can sustain a higher genetic load than diploid potato due to the presence of four rather than two homologous chromosomes. Also, monoploids are developed through anther culture and as a consequence of the meiotic sieve and selection of the most vigorous individuals, a higher proportion of deleterious/dysfunctional alleles are expected to be purged in monoploids and their derived doubled monoploids. The overall high degree of CNV is consistent with the genetic load as observed by inbreeding depression upon selfing in tetraploid potato.
The reference potato genome expression atlas, a collection of RNA-seq expression abundances determined from a developmental series as well as biotic and abiotic treatments (Massa et al., 2011 (Massa et al., , 2013 , were obtained from Hardigan et al. (2016a) , and provide a robust set of functional gene annotations that can provide insight into classes of genes subject to copy number variation. Genes annotated as constitutively expressed in all tissue types Figure 5 . PAE in tuber samples in the TCA cycle. The red boxes indicate genes with PAE in at least one sample of tuber. The figure was generated using Mapman software.
based on the DM 1-3 gene expression atlas were significantly under-enriched in both deleted (two-tailed Fisher's exact test; Q = 3.93 9 10 -241
) and duplicated genes (Q = 7.54 9 10 -34 ) suggesting that genes that are expressed in many tissues and most likely function as core housekeeping genes are not subject to copy number variation (Figures S9 and S10 and Data S7 and S8) . In contrast, genes annotated as lowly expression in all tissues were significantly enriched in deleted genes (Q = 1.93 9 10 -216 ) and duplicated genes (Q = 2.94 9 10 -11 ). Genes responsive to abiotic stress based on five-fold induction relative to control conditions in the DM 1-3 expression atlas were enriched in both duplications (Q = 4.59 9 10 -10 ) and deletions (Q = 8.08 9 10 -05 ). Genes induced five-fold by biotic stress were significantly enriched in duplicated genes (Q = 0.0068, and slightly enriched but non-significant in deleted genes (Q = 0.13, odds ratio = 1.11). These results are consistent with that observed in Hardigan et al. (2016a) and are highly suggestive that CNV may be genes that are in the process of pseudogenization or may have a role in adaptive traits that are critical to agronomic production of potato. Copy number variable genes have been shown to have a role in disease resistance in soybean (Cook et al., 2012) , submergence tolerance in rice (Xu et al., 2006) , and aluminium tolerance in maize (Maron et al., 2013) . With regards to the role of adaptive traits unrelated to agronomic production, gene copy number changes have also been found to occur in the extremophile species Arabidopsis halleri, which shows enrichment of gene copy number changes in genes related to biotic stress response and, most notably, genes related to transition metal homeostasis (Suryawanshi et al., 2016) . Orthologous groups constructed with A. thaliana, A. trichopoda, M. esculenta, O. sativa, S. lycopersicum, V. viniferis and DM 1-3 were analysed with the putative copy number deletions and duplications to determine any association between evolutionary relationship and CNV (Data S9). In contrast to genes with evidence of PAE, which were significantly enriched in the conserved angiosperm gene set, CNVs were significantly under-enriched in core plant genes, suggesting that there may be fitness costs associated with CNV in genes highly conserved among the angiosperms. Solanum-specific orthologs, potato-specific paralogs and potato singletons were highly over-enriched in CNVs, suggesting that genes that have evolved more recently are not stringently retained in all four homologous chromosomes.
To explore the impact of CNV on transcript levels, genes were first annotated as expressed in leaf and tuber tissue based on expression abundances in the reference genotype DM 1-3 (Potato Genome Sequencing Consortium et al., 2011) to filter out genes not anticipated to be expressed regardless of CNV state. As shown in Figure 6(c) , reduced gene copy number resulted in an overall copy number-dependent affect at the transcript level in both leaves and tubers, consistent with previous reports of copy number-dependent impacts of CNV on transcript abundance (Iovene et al., 2013) . Gene expression was correlated with copy number using Pearson's correlation with an R 2 cutoff of 0.6 to define copy number-dependent gene expression ( Figure 6d ). In total, 528 genes were copy number-dependent in their expression values measured in leaf and tuber across the six genotypes; 302 genes were identified in leaf RNA-seq (Data S10), and 160 genes were identified in tuber RNA-seq (Data S10). Leaf and tuber shared 66 genes that showed copy number-dependent responses in both tissues as exemplified in Figure 6 (d) in which four genes with dosage response in gene expression relative to copy number are shown. The examples shown are: (1) a glucosyltransferase, which may have zeatin O-glucosyltransferase activity related to cytokinin production (Gong et al., 2015) ; (2) an extensin precursor, which constitutes part of the plant cell wall (Lamport et al., 2011) ; (3) a protein binding protein; and (4) a basic helix-loop-helix protein BHLH5, which is likely the potato ortholog of the A. thaliana transcription factor BEE 1 (Brassinosteroid Enhanced Expression 1) based on sequence identity (66.4%) and coverage (83%). BEE1 is known to regulate flavonoid accumulation (Petridis et al., 2016) , and shade avoidance syndrome (Cifuentes-Esquivel et al., 2013) in A. thaliana.
CONCLUSION
This study represents a genome analysis of cultivated autotetraploid potato examining the relationships between genome variation and gene expression. Intra-genome variation within tetraploid potato is exceptionally high with extensive heterogeneity manifested through multi-allelic sites diverged at the sequence and copy number level. This genome level variation is manifested at the transcript level in which not only additive but also preferential allele expression was observed. Thus, although we did not observe an overall 'genome dominance' as has been observed in allopolyploids, there is abundant preferential allele gene expression that results in allelic imbalance at the transcriptome level. From examination of only six cultivars, we revealed an exceptionally high degree of copy number variation, particularly in the form of deletions of homologous gene copies that can be masked at the tetraploid level due to complementation attributable to polyploidy. Using the DM 1-3 reference potato genome expression atlas, duplicated and deleted genes were found to be enriched in lowly expressed genes, genes responsive to biotic and abiotic stress, and under-enriched in constitutively expressed genes suggesting that one component of breeder's selection has been for significant structural variation of loci involved in adaptation, consistent with the highly adaptive nature of potato as a commercial crop.
EXPERIMENTAL PROCEDURES (METHODS)
Library preparation, sequencing and post-processing
Six elite cultivars that represent three market classes, chip processing, round white fresh market, and fresh market russet potato, and released over the last~70 years of breeding were selected for this study to provide representation of various market classes and impacts of artificial selection over the last~70 years (Table S5) . Genomic DNA was extracted from leaves of each cultivar using the Qiagen DNeasy Plant Mini Kit. Illumina compatible DNA libraries were constructed and approximately 240 million 100-nucleotide paired-end reads were generated on the Illumina HiSeq platform; the Superior library was sequenced in paired-end mode generating 150 nucleotide (nt) reads. Raw reads were endtrimmed to remove bases with assigned qualities lower than 10 and adapters were removed using CutAdapt version 1.4.1 (Martin, 2011) ; reads with a minimum length of 30 were retained for downstream analyses. RNA was extracted from frozen ground leaf and tuber from each cultivar using hot phenol. Libraries were prepared and sequenced by Novogene (https://en.novogene.com) on the Illumina HiSeq 4000 generating 150-nucleotide paired-end reads for each sample. Raw reads generated from paired-end sequencing were cleaned in paired-end mode with CutAdapt version 1.8.1 (Martin, 2011) to remove adapters and trim bases with base quality lower than 30. A minimum read length of 100 nucleotides was required for reads to be retained.
Mapping of genomic DNA reads to reference genome and variant calling
Cleaned genomic DNA reads were aligned to the reference S. tuberosum Group Phureja DM 1-3 assembly version 4.04 (Hardigan et al., 2016a) using the BWA-MEM algorithm within the Burrows-Wheeler Aligner (BWA) software version 0.7.7.r441 (Li and Durbin, 2009; Li et al., 2009) in paired-end mode and saved in binary alignment format (BAM) using SAMTools version 0.1.19 (Li et al., 2009) . This output was sorted, deduplicated and indexed using Picard version 1.89 within the Genome Analysis Toolkit (GATK) version 3.1-1 framework (McKenna et al., 2010; DePristo et al., 2011; Van der Auwera et al., 2013) . Subsequently, the reads were subjected to indel realignment around target regions using Picard version 1.86. Single nucleotide polymorphisms and indels were called in all samples jointly using the GATK's UnifiedGenotyper in GATK 3.1-1 (DePristo et al., 2011) with a standard minimum confidence threshold for calling of 30.0, the genotype likelihoods model 'BOTH', sample ploidy of four, heterozygosity of.01, indel heterozygosity of.001, maximum deletion fraction of 0.1, maximum minimum base quality score of 17, minimum indel count for genotyping of five, and minimum indel fraction per sample of 0.10.
The called variants were hard filtered to select the final set of variants using the following parameters in GATK 3.1-1's VariantFiltration tool to remove low quality SNPs: quality by depth <10.0, mapping quality < 40, strand bias estimated by Fisher's exact test >60.0, Haplotype Score > 13.0, mapping quality rank sum test less than À12.5, read position rank sum test less than À8.0, depth >400, depth <60 and genotype quality <10. The filtered variants were parsed according to genotype calls into the 14 possible combinations of alleles. Variant impacts were estimated using SnpEff version 4.0e (Cingolani et al., 2012) .
To determine putative CNV based on read depth, median depth was calculated for each gene and normalized by dividing by the median read depth of all genes in each cultivar in R 3.0.14 (R Core Team, 2016) . Genes with copy number-dependent gene expression were identified by calculating Pearson's correlation coefficients for genes with at least two different copy numbers among the cultivars using rLog-transformed expression values from DESeq2 from leaf and tuber RNA-seq as the response variable and copy number as the explanatory variable. Genes were considered dosage-sensitive if they met the R 2 cutoff of 0.6.
Enrichment of genes regulated by stress in CNV genes
Annotation of the potato gene complement relative to expression patterns and levels were obtained from Hardigan et al. (2016a) that included constitutively expressed genes (across 32 tissue and treatment series), lowly expressed genes and upregulated following biotic or abiotic stress. Two-sided Fisher's exact tests were used to determine enrichment of shared duplicated genes between all six cultivars in upregulated gene sets in these categories. Results were considered significant at a FDR < 0.01.
RNA-seq read mapping and calculation of expression values
RNA-seq reads were mapped to the reference genome version 4.04 in paired-end mode for corresponding libraries using TopHat2 version 2.1.0 (Trapnell et al. 2009 ). Reads aligning to annotated genes were counted using HTseq version 0.6.1p1 in stranded, union mode with minimum mapping quality of 17 (Anders et al., 2015) . Counts from plant tissues were analysed using DESeq2 to determine normalized expression values for analysis of tissue types (Love et al. 2014) . FPKMs were determined using Cufflinks version 1.3.0 (Trapnell et al., 2012) . 0.1.19 (Li et al., 2009) . Only uniquely mapping reads (MAPQ = 255) were used for PAE analysis and genes with evidence of CNV were removed. mRNA-seq reads were counted for each allele and sites were intersected with whole-genome DNA resequencing readbased calls (i.e., genotype) to determine the expected ratio of expression for each allele at biallelic sites with one reference and one alternate allele. Outliers were identified using a two-sided binomial exact test with FDR (Benjamini and Yekutieli, 2001 ) correction to determine Q-values, treating the number of reference allele reads as the successes and the total number of reads as the number of trials in an expected proportion determined by the genomic DNA-derived genotype (0.25, 0.50, and 0.75 for simplex, duplex and triplex alternate alleles, respectively). The null hypothesis was set according to the dosage of alleles in genomic DNA. Fisher's method was implemented using the R package metap version 0.8 (Dewey, 2017) . Gene ontology terms were determined using Interproscan version 5.8.49.0 (Jones et al., 2014) on the version 3.4 potato gene annotation protein sequences. Gene ontology terms were subsequently used to perform GO enrichment analysis using Fisher's exact test implemented in the R package topGO (Alexa and Rahnenfuhrer, 2010) . Tests were performed using gene IDs of biallelic sites with Q < 0.01 for non-additive expression to determine enrichment in cellular components, biological processes and molecular functions. The contingency tables consisted of genes with PAE and belonging to the focal GO category, genes without PAE and belonging to the focal GO category, genes with PAE not belonging to the focal GO category, and genes without PAE not belonging to the focal GO category. The P-values were adjusted using FDR (Benjamini and Yekutieli, 2001 ).
Identification of orthologous groups
Representative proteins from A. trichopoda (v1.0), A. thaliana (TAIR10), M. esculenta (v.6.1), O. sativa (MSU 7.0), S. lycopersicum (iTAG2.3), and V. vinifera (v.12X) were downloaded from Phytozome 11 (https://phytozome.jgi.doe.gov/) and orthologous groups were inferred using Orthofinder version 0.7.1 (Emms and Kelly, 2015) with the default inflation parameter. Genes were characterized as 'core plant genes' if they belonged to orthologous groups that contained every species in the analysis. Solanum-specific genes contained at least one gene from both potato and tomato, potato paralogous groups contained two or more genes unique to potato, and potato-specific singletons were in groups where there was a single potato gene only with no inferred orthology with any other plants in the analysis.
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